Species showing repeated evolution of similar traits can help illuminate the molecular and developmental basis of diverging traits and specific adaptations. Following the last glacial period, dwarfism and specialized bottom feeding morphology evolved rapidly in several landlocked Arctic charr (Salvelinus alpinus) populations in Iceland. To initiate study of the genetic divergence between small benthic morphs and larger morphs with limnetic morphotype, we conducted an RNA-seq transcriptome analysis of developing charr. We sequenced mRNA from whole embryos at four stages in early development of two stocks with contrasting morphologies, the small benthic (SB) charr from Lake Thingvallavatn and Holar aquaculture (AC) charr.
RNA extraction and transcriptome sequencing 147 Embryos of AC-and SB-charr sampled in 2009 were used for transcriptome sequencing. 148 For this we focused on the time covering development of pharyngeal arches and 149 morphogenesis of the head, at 141, 163, 200 and 433 τ s (post fertilization). For each 150 combination of morphs and timepoints we pooled RNA from approximately 6 151 individuals. RNA extraction and following steps were performed as described 152 earlier [64, 68] . The embryos were dechorionated and homogenized with a disposable 153 Pellet Pestle Cordless Motor tissue grinder (Kimble Kontes, Vineland, NJ, USA) and 154 RNA was extracted into two size-fractions using the Ambion mirVana kit (Life 155 Technologies, Carlsbad, CA, USA). The high molecular weight fraction was further used 156 for mRNA-seq and RNA quality was analysed using an Agilent 2100 Bioanalyzer 165 embryos (2 X 6) at 178, 200 and 216 τ s were used. Embryos were dechorionated and 166 decapitated in front of the pectoral fin. RNA extraction and cDNA preparation were 167 performed as described previously [64] . Similarly RNA was extracted from a small piece 168 (ca. 2 mm 2 ) of skin, heart, liver, gill, spleen, intestine and liver from 6 adult AC-charr. 169 Analyses of RNA-seq data and mapping to Salmon EST contigs 170 As no S. alpinus genome is available and de novo assembly of the 36 bp reads yielded 171 excessive number of short contigs we chose to assess expression and genetic variation by 172 mapping the reads to 59336 S. salar EST contigs from the SalmonDB [69, downloaded 173 22. March 2012] and the Arctic charr mitochondrial genome [61, NC 000861] . 174 To estimate expression, reads were aligned with RSEM vs. 1.1.18 with default 175 parameters. RSEM distributes reads that map to multiple locations to the most likely 176 contig, using expectation maximization [70] . The read counts for contigs with the same 177 annotation were pooled, because some genes were represented by more than one contig 178 and due to whole genome duplication salmonids have closely related paralogous 179 genes [34, 36] . Thus the expression tests are done on gene or paralog group level, instead 180 of the contig level. In the remainder of the paper, gene will have this broader meaning, 181 some genes are represented by one contig and others by two or more (indicated in all 182 relevant tables). This brought the number of genes considered down to 16851. Lastly 183 genes with fewer than 800 mapped reads in the entire dataset, were excluded from the 184 analyses, yielding a total of 10496 genes. 185 A generalized linear model (GLM) with morph and developmental time as explanatory variables was used to find genes with different expression levels between the two charr morphotypes (groups) using the edgeR-package in R [71] .
We could not test for interaction, as biological replicates were unavailable. To obtain 186 further insight into the expression profiles of differently expressed genes, we preformed 187 clustering analyses on log-transformed cpm-values (counts per million, cpm-function in 188 edgeR). The values for each gene were scaled by mean and standard deviation and the 189 euclidean distance used for the hclust-function in R [72] with the default settings. We 190 used the Hypergeometric-test in goseq [73] to test for gene ontology enrichment. Since 191 5/31
we pooled the read-count from different contigs we could not take gene length into 192 account in those tests as would have been optimal. 193 The sequencing reads were deposited into the NCBI SRA archive under BioProject 194 PRJNA239766 and with accession numbers: SRX761559, SRX761571, SRX761575, 195 SRX761577, SRX761451, SRX761461, SRX761490 and SRX761501. 196 Assessment of differential expression with qPCR 197 We previously identified suitable reference genes to study Arctic charr development [64] . Here we examined the expression of several genes in whole charr embryos, embryonic heads and adult tissues. Primers were designed using the Primer3 tool [74] and checked for self-annealing and heterodimers according to the MIQE guidelines [75] (S1 Table) . Primers for genes with several paralogs were designed for regions conserved among paralogs. For natterin, primers for the different paralogs were designed to match regions differing in sequence. Relative expression was calculated using the 2 −∆∆Ct method [76] . For the calculation of relative expression of genes in whole embryos, the geometric mean expression of three reference genes, β-Actin, elongation factor 1α and Ubiquitin-conjugating enzyme E2 L3, was used for normalization. For visual comparisons among samples the normalized expression was presented as relative to the expression in AC at 161 τ s (calibration sample). For the embryonic head samples IF5A1 and ACTB were used as reference genes and a biological replicate of AC at 178 (τ s) as the calibrator sample. Standard errors of relative expression were calculated from the standard errors (SE) of the ∆C T -values with the formula 2 −(∆∆Ct+SE) = minimum fold expression and 2 −(∆∆Ct−SE) = maximum fold expression. The statistical analysis was performed using the ∆C T -values with a two-way ANOVA with GLM function in R.
Normal distribution of residuals was confirmed for all data. For the study of expression 198 in the embryonic head we followed a significant Morph effect in the ANOVA with 199 Tukey's post hoc honest significant difference test, on relative expression ratios (∆C T s). 200
Polymorphisms in the Arctic charr transcriptome 201
For analysis of genetic variation we mapped the reads to the salmon contigs, this time 202 using BWA [77] with a seed length of 25, allowing two mismatches. We re-mapped the 203 reads since BWA allows short indels (RSEM does not), but disregarding them leads to 204 many false SNPs close to indels. To extract candidate polymorphic sites from the Arctic 205 charr transcriptome we ran VarScan2 [78] with minimum coverage of 50 reads and 206 minimum minor allele frequency 0.1 on reads mapped to each S. salar contig for all of 207 the 8 timepoints and morph combinations. This was done separately for reads that 208 mapped uniquely to one contig only (UNI) and reads that mapped to two or more 209 contigs (REP). These SNP-candidates were further processed in R [72] . SNP-candidates 210 at 90% frequency or higher in all samples were disregarded, they reflect difference 211 between Arctic charr and S. salar and are not the focus of this study. SNP-candidates 212 with poor coverage in specific samples, that is coverage of 5 or fewer reads in 3 or 4 213 samples of each morph, were removed. As the SNP analysis was done on individual 214 contigs, differences among paralogs appear in the data. But, since each sample is a pool 215 of few individuals it is very unlikely that we have the same frequency of true SNPs in all 216 the samples. This property was used to remove variants that are most likely due to 217 expressed paralogs. Using Fisher exact tests to evaluate differences between samples 218 only SNPs that were significantly different between samples with p-value lower than 219 0.05 (no multiple testing correction) were chosen for further examination. As equal 220 6/31 cDNA input from individuals in sample cannot be assumed,due to expression differences 221 among them and stochastic processes in sample preparation, read numbers were 222 summed over the four samples for each morph for the comparison between the two 223 groups. A conservative approach was taken to look for difference between morphs. We 224 focused on SNP-candidates that showed difference in frequency between morphs without 225 adjusting for multiple testing (Fisher exact test, p > 5%). We extracted the most 226 interesting candidates by filtering on frequency difference between the morphs (delta). 227 SNP-candidates with the highest frequency difference (delta > 95%) were manually 228 processed and redundant candidates removed. A similar approach was used to mine for 229 polymorphism in the Arctic charr mtDNA (NC 000861), using S. salar mtDNA as 230 outgroup (NC 001960.1). 231 We wrote a python script to predict the impact of SNPs within the mRNA sequences. 232 Polymorphisms where categorized according to their location (3'UTR, coding, 5'UTR), 233 and those within the coding region into synonymous or non-synonymous.
234

Verification of candidate SNPs
235
We chose 12 candidate SNPs for verification (see below). The candidates were verified 236 using a similar approach as previously [57] . First we conducted genomic comparisons of 237 the Salmon genome, ESTs and short contigs from the preliminary assembly of the 238 Arctic charr transcriptome. This allowed us to infer the placement of the putative 239 polymorphism in the locus, and design paralog specific primers for PCR (less than 1 kb 240 amplicons) for verification of the 12 candidate SNPs. Each individual was genotyped by 241 first amplifying the region of interest using PCR, followed by ExoSAP, direct sequencing 242 (BigDye) and finally run on an Applied Biosystems 3500xL Genetic Analyzer (Hitachi and m3411C>T (CTCTAAGCACCAGAATTT[C/T]TGACCAAAAATGATCCGGC). 270 The images were produced in GIMP version 2.8.6. for Windows [81] . 271 
Results
272
RNA sequencing characteristics 273 Our long term aim is to get a handle on molecular and developmental systems that were aligned to a salmon EST-assembly [69] . Around 20% of the reads mapped uniquely 282 to the EST data (S2 Table) . A further 30% mapped to two or more contigs, probably 283 representing paralogous genes, recent duplications or repeat like elements within 284 transcribed regions. A substantial fraction of the RNA-sequencing reads did not map to 285 the contigs from S. salar (S2 Table) . Analyses of those reads require an Arctic charr 286 genome sequence or transcriptome assembly from longer and paired end reads.
287
Differential expression during Arctic charr development 288 The scope of the sampled developmental timepoints and morphs only allows contrasts of 289 expression between morphs, or expression differences between time points. For the 290 expression analysis ESTs were collapsed into 16851 genes or paralog groups ("gene" has 291 here this broader meaning, see Materials and Methods). We only considered genes 292 (total of 10496) with 800 or more reads mapped and tested for differential expression 293 using the edgeR-package [71] . 294 We detected considerable changes in the transcriptome during Arctic charr 295 development ( Figure 2A ). The expression of 1603 and 2459 genes differed significantly 296 between developmental timepoints at the 1% and 5% levels of false discovery rate 297 (FDR), respectively (S1 File). The difference was most pronounced between 298 pre-hatching (timepoints: 141, 163, 200 τ s) and post hatching embryos (timepoint 433 299 τ s), as more than 70% of the genes with FDR below 1% had higher expression in the 300 latter ( Figure 2A ). According to Gene Ontology analyses, six separate GO categories 301 are significant (below 10%FDR). The most drastic changes were seen in processes 302 related to glycolysis (GO:0006096, FDR = 0.0009), were the expression of 19 out of 25 303 genes changed during this developmental period. The other five classes that were 304 differentially expressed during charr development are, ion transport (GO:0006811, FDR 305 = 0.027), blood coagulation (GO:0007596, FDR = 0.03), DNA repair (GO:0006281, 306 FDR = 0.08) and two immune related categories (GO:0019882, FDR = 0.08, 307 GO:0006955, FDR = 0.09). Those results probably reflect developmental changes 308 and/or differences in the environment of embryos before and after hatching. 
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Differential expression between Arctic charr morphs 310 We were especially interested in genes showing expression differences between the two 311 Arctic charr morphs as such differences may relate to pathways involved in phenotypic 312 divergence. In the data 296 genes were differentially expressed (FDR < 5%) between 313 the morphs (141 higher in SB and 152 higher in AC). Among genes with higher 314 expression in SB-charr two biological GO categories were enriched: blood coagulation 315 (GO:0007596, p = 0.001) and proteolysis (GO:0006508, p = 0.002). Recall, expression of 316 blood coagulation factors also differed between developmental stages (see above). In 317 AC-charr, genes in three categories: respiratory electron transport chain (GO:0022904, 318 p = 0.0006), ATP synthesis coupled electron transport (GO:0042773, p = 0.002) and 319 neurotransmitter transport (GO:0006836, p = 0.009) have higher expression. The first 320 two GO categories both relate to energy generation in mitochondria and may imply 321 higher expression of genes with mitochondrial functions in AC-charr.
322
Using more stringent FDR (1%), 31 genes had higher expression in SB and 40 genes 323 higher in AC ( Figure 2B , Tables 1 and 2 ). These genes have diverse functional 324 annotations. The genes with higher expression in each morph were clustered into 4 325 groups, which aggregated genes of similar function. For instance SB cluster 3 has three 326 immune related genes: Complement factor D (9), H-2 class I histocompatibility antigen 327 L-D alpha chain (2) and Sushi domain-containing protein 2 (4) and one gene with 328 unknown function (Table 1) . Note, however, that immune genes were not significantly 329 enriched in the GO comparison of morphs. Testing for heterochrony in expression was 330 not feasible, as only one sample per morph and developmental time was sequenced.
331
The results suggest mitochondrial function and blood coagulation genes are 332 differentially expressed between the morphs, but due to few samples used in the Table) . No morph and time interaction was 343 detected for any of the genes. 344 Figure 3 . qPCR validation of candidates from transcriptome in whole embryos of Arctic charr. Relative expression of 9 genes (A-I) analysed by qPCR in the small benthic (SB) charr from Lake Thingvallavatn and aquaculture (AC) charr at two different developmental timepoints (161 and 200 τ s). 5 genes were differentially expressed between the two morphs (Alp, Krtap4-3, Lyz, Nattl, Parp6), while 4 further genes did not show significant expression differences between morphs (Cgat2, Cox6B1, Ndub6, Ubl5), see S3 Table. Error bars represent standard deviation calculated from two biological replicates.
As some of the genes are represented by different contigs or even paralogs, we set out 345 to disentangle the expression of one paralog group in detail. The qPCR primers used characterized as a toxin produced by a tropical fish [82, 83] . We studied nattl expression 350 in several developmental stages in AC-, SB-and PL-charr as well as in selected tissues 351 of adult AC-charr. The expression level of the three paralogs differed between morphs 352 and timepoints ( Figure 4 and S4 Table) . Overall nattl2 had the highest expression in all 353 morphs. The nattl1 had higher expression in embryos of PL-charr than in AC-and 354 SB-charr, while nattl2 and nattl3 were more expressed in SB-embryos. Table. In order to evaluate the hypothesis that nattl genes have immune-related functions 356 we studied expression in adult tissues (in AC-charr). The nattl expression was highest 357 in the gills, followed by expression in kidney, skin and spleen. Low expression levels 358 were detected in liver, intestine and heart (S1 Fig and S4 Table) . The three nattl 359 paralogs followed different patterns, whilst each of them showed significant expression 360 differences among tissues. Nattl1 was mainly expressed in spleen and kidney, while 361 nattl2 showed a significantly higher expression in skin, liver and in gills. Similarly, the 362 relative expression of nattl3 was highest in the gills and skin. This indicates that the 363 three nattl paralogs are expressed in a tissue specific manner, and also differently during 364 the development of the three charr morphs studied here.
365
In sum, we confirm the differential expression of five of nine genes between the 366 morphs. Furthermore, nattl paralogs have tissue specific expression pattern in adults, 367 that may reflect immunological functions. To study the craniofacial divergence between sympatric Arctic charr morphs we used 371 qPCR to study 8 genes with expression difference in the RNA-seq data (all higher in 372 SB). We focused on genes with known craniofacial expression in zebrafish 373 development [84] and compared two benthic (SB, LB) and two limnetic charr (AC, PL). 374 We analyzed heads at three time-points (178, 200 and 218 τ s) as this period overlaps 375 with early stages of craniofacial skeletal formation in Arctic charr [85, 86] . The qPCR 376 confirmed the higher expression of seven out of these eight genes in the head of benthic 377 charr compared to limnetic charr ( Figure 5 and S2 Fig) . These seven genes are Claudin 378 4 (Cldn4), adseverin (Scin), Junction plakoglobin (Jup), Lipolysis stimulated lipoprotein 379 receptor (Lsr), Major vault protein (Mvp), Transforming growth factor beta receptor II 380 (Tgfbr2) and Vitamin D receptor a (Vdra). The eighth gene, Retinoic acid receptor 381 gamma-A (Rarg) gave a small but significant response in the head, but the effects were 382 reversed, i.e. the expression was higher in AC. The expression difference of the seven 383 genes was, in almost all cases, consistent over the three time-points studied (See S2 Fig) . 384 These results show that RNA-sequencing of Aquaculture charr with limnetic craniofacial 385 morphology and small benthic charr can be used to reveal differential expression of 386 genes that associate with limnetic and benthic divergence in craniofacial elements in 387 sympatric charr morphs. 388 
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Figure 5. Expression differences of craniofacial candidate genes in developing head of Arctic charr morphs. Relative expression ratios, calculated from the qPCR data, were subjected to an ANOVA to test the expression differences amongst four charr groups and three close time points (τ s). The underlined gene names reflect significant difference between SB and AC-charr. A post hoc Tukey's test (HSD) was performed to determine the effects of morphs, time and morph-time interaction (M X T). White boxes represent low expression, while black boxes represent high expression.
The shading represents significant different expression between the samples (α = 0.05, NS = not significant).
Analyses of polymorphism in Arctic charr transcriptome 389
The RNA-seq data also revealed segregating variations with large frequency differences 390 between charr morphs. To uncover candidate SNPs we mapped the reads to all of the S. 391 salar EST-contigs. Filtering on coverage yielded 165,790 candidate SNPs (Table 3) ; of 392 those 66.569 came from reads that mapped uniquely (UNI) and 57.009 candidate SNPs 393 from reads that mapped to more than one contig (REP); with limited overlap between 394 lists. The salmonid ancestor underwent whole genome duplication, generating long 395 blocks of synteny and paralogous genes [36] . Assuming that the expression of 396 paralogous genes is stable, then differences among paralogs appear as SNPs at similar 397 frequency in all samples. By requiring variant frequency differences (p < 0.05, 398 uncorrected) between samples we reduced the list of candidates by two thirds, yielding 399 over 20.000 candidate SNPs. Note, that as cDNA from charr families was sequenced 400 (not a population sample), estimates of SNP frequencies are imprecise. To err on the 401 side of caution, we chose SNP candidates with 50% or higher frequency difference 402 between morphs for further study. The candidate SNPs were also summarized by 403 frequency of the derived allele, in reference to the S. salar sequence. This gave 672 and 404 872 SNPs at higher frequency, in AC-charr and SB-charr, respectively. The uniquely 405 and multiply mapped reads, revealed approximately similar numbers of candidate SNPs. 406 Gene ontology analysis showed that for derived SNPs in SB, there was an excess of 407 variants in genes related to translation, both as a broad category and specific subgroups 408 (S5 Table) . There was also enrichment of SNPs in genes related to DNA-mediated 409 transposition, DNA integration, DNA replication and oxidation-reduction process. No 410 GO categories were enriched for high frequency derived SNPs in AC. Furthermore, 411 functional effects of the candidate SNPs (UTR, synonymous and non-synonymous) were 412 predicted. The distribution among those categories did not differ between variants 413 detected by uniquely or repeatedly mapped reads, χ 2
[3] = 2.59, p = 0.46 (S6 Table) .
414
A total of 60 candidate SNPs are nearly fixed in one morph, with frequency 415 difference between morphs above 95% (after manual inspection of contigs and SNP 416 position three candidates were removed since they represented the same SNP). Of these 417 "fixed" SNPs 46 came from uniquely mapped reads and 14 from reads that mapped more 418 than twice ( Similarly, 14 SNPs with large differentiation between morphs were predicted from reads 424 that mapped on two or more contigs ( Table 5 ). Of these, we found two variants in the 425 mitochondrial 60S ribosomal protein L36 (RPL36) and variants in 4 other 426 mitochondrial genes (28S ribosomal protein S18a mitochondrial (MRPS18A),
427
Apoptosis-inducing factor 1 mitochondrial (AIFM1), Isocitrate dehydrogenase [NADP] 428 mitochondrial (acIDH1) and Protein S100-A1 (S100A1)), all at higher frequency in 429 13/31 Uroporphyrinogen decarboxylase (UROD), and Mid1-interacting protein 1-like 432 (MID1IP1) (S7 Table) . The candidate variant Eukaryotic translation initiation factor 4 433 gamma 2 (EIF4G2) was not substantiated by the PCR/sequencing.
434
In sum, the data suggest substantial genetic separation between the two charr 435 morphs studied here, the small benthic from Lake Thingvallavatn and the aquaculture 436 charr from Holar. While individual SNPs clearly need to be verified e.g. by Sanger 437 sequencing or SNP assays on more individuals, the results suggests genetic 438 differentiation between these morphs in genes of various molecular systems. Considering 439 the enrichment of differentially expressed genes related to mitochondrial energy 440 metabolism (above), and high frequency candidate SNPs in several genes with 441 mitochondrial function in AC-charr we decided to study the mitochondrial 442 transcriptome further.
443
Polymorphism and expression of Arctic charr mtDNA 444 The charr studied here reflect metabolic extremes, the aquaculture charr was bred for 445 growth while the small benthic morph is thought to have experienced natural selection 446 for slow metabolism and retarded growth [49, 87] . Although mRNA preparation 447 protocols were used for generating cDNA for the RNA-sequencing, a substantial number 448 of reads came from non-polyadenylated sequences. By mapping the reads to mtDNA 449 sequence of Arctic charr we could estimate expression of mitochondrial genes and infer 450 polymorphism both in genes and intergenic regions. There was a clear difference in 451 sequencing coverage, with more than twice as many reads mapped from the AC- and Canadian charr. A total of 20 candidate SNPs had high (more than 50%) frequency 462 difference between SB-and AC-charr ( Figure 6 ). There was no bias in the distribution 463 of derived SNPs, 11 on the AC branch and 9 in SB. Note, the frequency distribution is 464 most irregular as we sequenced embryos of related individuals (see Materials and 465 Methods), not a population sample. The divergence between Iceland and Canada is 466 particularly little in the 12s and 16s ribosomal RNA genes. Curiously in those genes 467 were two SNPs differing strongly in frequency between morphs ( Figure 6 ). To confirm 468 and better estimate the frequency of variants in the ribosomal genes, we PCR amplified 469 and sequenced two ∼550 bp regions in the rRNA genes, comparing three morphs (PL, 470 LB and SB) from Lake Thingvallavatn ( Figure 7A , C and E). The 12s polymorphism 471 (m1829G>A) differed significantly between the morphs (χ 2 [2] = 8.6, p = 0.014), and was 472 at highest frequency in the SB (0% in PL, 12.5% in LB and 75% in SB). Similarly 473 m3411C>T in the 16s was enriched in SB (62.5%) but found at lower frequency in PL 474 (0%) and LB (12.5%) (it differed significantly between morphs, χ 2
[2] = 9.3333, p = 0.009). 475 The Sanger sequencing also revealed three other polymorphisms in the amplified region, 476 not seen in the transcriptome. Among those m3211T>C in the 16s gene was at 75% 477 frequency in LB, but not found in the other morphs (χ 2 [2] = 19.76, p < 0.0001).
478
In order to gauge the potential functionality of those variants we aligned the rRNA 479 genes from nearly hundred fishes and several vertebrates. The position affected by 480 m1829G>A and m3211T>C, in the 12s and 16s rRNAs, are not well conserved in fishes 481 or vertebrates ( Figure 7B and D) . However m3411C>T, in the 16s rRNA, alters a 482 position that is nearly invariant in 100 fish genomes ( Figure 7F ). The only exception is 483 Pacific menhaden, which curiously also has T in this position. This region could not be 484 The objectives were to get a handle on genetic and molecular systems that associate 492 with benthic morphology and more narrowly small benthic charr in Lake Thingvallavatn, 493 Iceland as it is the best studied SB-charr population. To this end we performed 494 transcriptome analysis contrasting the development of embryos from SB-charr and 495 aquaculture charr. While our main focus is on SB-charr and its special features and 496 adaptations, the data can potentially illustrate how AC-charr has responded to selection 497 during breeding. We chose AC-charr as a point of reference for several reasons, i) 498 limnetic like head morphology, ii) availability, and iii) because we wanted a strong 499 contrast in this first survey of charr developmental diversity. The AC-charr proved a 500 useful point of reference. As is outlined below, this transcriptome has already revealed 501 differential expression of several developmental genes and regulators with differential 502 expression between benthic and limnetic charr [64, 65] . Furthermore we previously found 503 tight correlation of RNA-seq expression and qPCR estimates -in this very same 504 Figure 7 . Comparative genomics and population genetic differentiation in Arctic charr at 3 mtDNA locations. Aligned are several fish genomes, with Lamprey or humans as outgroups, reflecting a 38 bp window around each of the 3 positions (asterix). A, C, E) Frequency of each of those variants in three Arctic charr populations from Lake Thingvallavatn (PL, LB and SB). A total of 8 individuals were genotyped from each morph, see methods. B) Alignment of variant m1829G>A in the 12s rRNA gene in fishes, using humans as an outgroup. D) Similar alignment of a 16s variant, m3211T>C and F) alignment of variant m3411C>T in the 16s rRNA gene.
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transcriptome [64] . Furthermore, we have actually used the same morphs (AC and SB) 505 and samples in a comparison of the developmental miRNA transcriptome -which reveal 506 that expression of several miRNAs correlates with morph differences [68] .
507
Developmental transcriptome of Arctic charr morphs 508
Here we generated an Illumina based RNA-seq transcriptome from four timepoints 509 during early development, in two Arctic charr morphs (SB-charr and AC-charr). As no 510 reference genome is available for Arctic charr, we mapped reads to S. salar 511 EST-contigs [69] in order to estimate expression and identify candidate genetic 512 polymorphisms. As many of the contigs are short or have overlapping annotations, we 513 collapsed genes into paralogous genes when appropriate for the expression analysis. The 514 main advantage is the reduction of the number of statistical tests (and hence increases 515 statistical power). The downside is that paralog specific expression patterns are masked, 516 as our qPCR results of the natterin like gene family show (Figure 3 and S1 Fig). Recent 517 rainbow trout data shows most paralogs from the latest whole genome duplication event 518 retain the same expression pattern [36] indicating that this scenario is probably 519 uncommon; hence it is of considerable interest when two paralogs show distinct 520 expression patterns [88] . In their analysis of Arctic charr gill transcriptome Norman et 521 al. (2014, [25] ) also used the Illumina sequencing technology to evaluate expression.
522
Their reads were longer (2x100 bp) than in this study (36 bp) enabling them to 523 assemble contigs. They did not consider the paralogs in their approach and merged 524 contigs based on sequence identity. Thus the complexity of Arctic charr transcriptome 525 still remains a mystery that advances in sequencing technology, assembly algorithms as 526 well as genome sequencing of this species could aid in revealing.
527
Our data reflect differential deployment of several gene classes during Arctic charr and developmental systems [21, 28, [89] [90] [91] . Several blood coagulation factors genes 531 showed significant changes during charr development, and were also more highly 532 expressed in the SB-charr. This might reflect differences in the rate of development of 533 blood composition, or tissue composition, in the two morphs. But further work is 534 needed to confirm those patterns.
535
Higher expression of lyzozyme and natterin-like in SB-charr 536 The genetic separation in two immunity genes among sympatric morphs in Lake
537
Thingvallavatn [57] prompted us to examine the expression of Lyz and nattl. Both genes 538 are expected to be involved in immune defenses and had higher expression in SB. The 539 substrate of lysozyme [92] is the bacterial cell wall peptidoglycan and it acts directly on 540 Gram-positive bacteria [93] . Lysozyme also promotes the degradation of the outer 541 membrane and therefore indirectly acts also on Gram-negative bacteria [94] . Thus, 542 lysozyme plays an essential role in immune defense in most eukaryotes. Another gene 543 18/31 that caught our attention was natterin-like. Natterins were first discovered from the 544 venom gland of the tropical toxic fish species Thalassophryne nattereri [82, 83] , and are 545 found by sequence similarity in e.g. zebrafish, Atlantic salmon and here in Arctic charr. 546 The predicted Natterin proteins contain a mannose-binding lectin-like domain 547 (Jacalin-domain) and a pore-forming toxin-like domain and can cause edema and pain 548 due to kiniogenase activity [82] . Jacalin is known to stimulate functions of T-and 549 B-cells and therefore can play an important role for immune system functions [95] .
550
Mannose-binding lectins are pathogen recognition proteins (antibodies) and therefore 551 are important for the acute phase response of fish [96, 97] . Our data suggest an immune 552 related function of nattl genes in charr, as the highest expression was found in skin and 553 kidney. But this needs to be studied in more detail. It is possible that higher expression 554 of those two genes in SB-charr might reflect preparation of juveniles for bottom dwelling 555 habitats, which may be rich in bacteria or otherwise more challenging for their immune 556 system.
557
In this study we collapsed contigs into gene or paralog groups for the transcriptome 558 analyses. The disadvantage of this approach is that differential expression in one 559 paralog, can be masked by other related genes that do not differ between groups or have 560 contrasting expression patterns. We looked at this by studying the expression of three 561 paralogs of the natterin like genes in different morphs during Arctic charr development, 562 and among tissues of adult AC-charr. The data show that the three nattl genes are 563 expressed differentially between the morphs, thus it is not divergence in the expression 564 of one paralog that explains the general nattl expression disparity in the transcriptome. 565 Certainly, other scenarios could apply to other genes in the transcriptome, and the 566 relative contribution of different paralogs should be evaluated systematically with 567 deeper RNA-sequencing and longer reads.
568
Expression divergence in craniofacial genes in benthic morphs 569 A study of the skulls of charr post-hatching embryos and juveniles from Lake 570 Thingvallvatn, showed that some elements of the developing head ossified earlier in 571 SB-charr than in PL-charr [98] . Our new data also demonstrate differences in 572 craniofacial elements between AC-and SB-charr, along a limnetic vs. benthic axis [86] . 573 Based on those differences between benthic and limnetic charr, we investigated further 574 genes with roles in craniofacial development that were differentially expressed in the 575 transcriptome. Guided by this transcriptome we had already found two extra-cellular 576 matrix (ECM) remodeling genes, Mmp2 and Sparc and a conserved co-expression 577 module of genes with known roles in craniofacial morphogenesis, to have higher 578 expression in developing heads of benthic Arctic charr morphs than in limnetic 579 morphs [64, 65] . Bioinformatic and qPCR analyses suggest the co-expression module 580 may potentially be affected by quantity of the transcription factor ETS2. These studies 581 and the current data confirm the utility of the contrasting developmental 582 transcriptomes for identifying candidate genes with differential expression during head 583 development, as 7 out of 8 candidates were confirmed by qPCR. These genes had 584 consistently higher expression in the developing head of two benthic morphs (SB and 585 LB), and lower in fish with more limnetic phenotypes (AC and PL). This is quite 586 striking, as three of the morphs (SB, LB and PL) studied here are of single origin and 587 live in sympatry in Lake Thingvallavatn [57] . 588 We focused on a few targets of Tgf-β and Ahr signaling pathways because of their 589 role in craniofacial morphogenesis and transcriptional connection [99] [100] [101] . Adseverin 590 (Scin) was one of the top differentially expressed genes (Table 1 ) and has roles in 591 rearrangements of the actin cytoskeleton, chondrocyte differentiation and skeletal 592 formation [102, 103] . In mice, Scin is demonstrated as a direct target of the Ahr 593 pathway [104] and our data shows higher expression of Scin in the developing head of 594 benthic charr embryos. Also, in the transcriptome Lsr, Cldn4 and Tgfbr2 had higher 595 expression in SB-charr, and we show that higher expression of those genes associated 596 with the benthic morphotype. Lsr is a molecular component of tri-cellular tight 597 junctions [105] and has been shown to be suppressed upon Tgf-β1 stimulation [106] in a 598 human cell line. Similarly, Cldn4, a tight junction protein with unknown role during 599 embryonic morphogenesis, is also a common target of the Tgf-β and Ahr signaling 600 pathways [107, 108] . Finally, the expression of Tgfbr2, encoding a receptor of Tgf-β was 601 slightly but significantly higher in the head of benthic morphs. Previous studies suggest 602 a crucial role of Tgfbr2 in craniofacial morphogenesis [109] . 603 We also confirmed differential expression of other genes, including two with higher 604 expression in SB-charr. Mvp is the predominant component of cytoplasmic 605 ribonucleoprotein structures called vaults [110] , which is highly conserved across 606 eukaryotes. The vaults have been something of an enigma, but are implicated in several 607 processes from signal transmission and immune response [111] . The Jup gene also 608 showed higher expression in SB-charr. Finally, higher expression of Vdra, encoding the 609 vitamin D receptor A, was found in the heads of benthic forms. The receptor regulates 610 mineral homeostasis, osteoblast differentiation and bone metabolism [112] . We did not 611 confirm the differential expression of Rarg between AC and SB, and the expression 612 difference in the head was opposite to the transcriptome data for the whole embryos.
613
This might be because the expression in head is masked by opposite differences in other 614 tissue(s) in the RNA-seq data.
615
To summarize, we found several genes to be differentially expressed in Icelandic 616 benthic and limnetic charr. Some of these genes belong to signaling pathways involved 617 in bone mineralization and craniofacial morphogenesis (see above). It would be most 618 interesting to see if expression of the same genes associates with benthic morphology 619 from other lakes and habitats, or even in other species with similar trophic diversity.
620
Energy metabolism tuning under domestication or adaptation 621 in SB-charr?
622
By comparing AC and SB-charr, that represents a small benthic resource morph that 623 has evolved repeatedly in Icelandic stream and pond habitats [56] , we hoped to 624 implicate genes and pathways involved in adaptation to these special habitats. The data 625 point to differences between SB and AC-charr in systems related to energy metabolism, 626 as may be expected considering their contrasting life histories. First, there is 2X higher 627 expression of respiratory electron transport chain components in AC compared to 628 SB-charr and 100% more mitochondrial derived reads are found in the AC-charr 629 samples. Note that the direction of divergence is unknown, i.e. whether expression was 630 up in AC or down in SB. Second, many derived candidate-SNPs in genes related to 631 mitochondrial function were at high frequency on the AC branch. For instance in 632 S100A1, which has been implicated in mitochondrial regulation in cardiac tissue in 633 humans [113] , but its expression is probably not exclusive to this tissue. Third, while 634 the mitochondrial ribosomal genes generally evolve slowly, we do see derived variants at 635 high frequency in the SB and large benthic charr in Lake Thingvallavatn. Specifically, 636 m3411C>T in SB affects a position that is highly conserved among fish, and could 637 affect function of the 16s rRNA. Earlier studies of mitochondrial markers in S. alpinus 638 did not find large signals of divergence within Iceland [52, 54, 57] , probably because they 639 studied other genes. In summary, the results suggest divergence in mitochondrial 640 function, due to the domestication of aquaculture charr and/or possibly reflecting 641 adaptation of the small benthic charr in Lake Thingvallavatn.
642
The mitochondrion is more than a powerhouse, it integrates for instance metabolism, 643 cell cycle and apoptosis [114] . The number of mitochondria and its functions are known 644 20/31 to correlate with environmental attributes. For instance in Antarctic fishes under 645 extreme cold, higher numbers of mitochondria are found in muscle and heart cells [115] . 646 Furthermore, illustrating long-term evolutionary pressure at extreme conditions, genes 647 with mitochondrial functions are more likely to be duplicated in such species [116] . The 648 data presented here suggest an expression difference between morphs that could reflect 649 differences in total number of mitochondrion, the number of mtDNA copies per 650 mitochondrion or cell, or difference in RNA expression from the mtDNA, possibly due 651 to evolution of mtDNA related to diet and/or temperature [117] . Further work is 652 needed to map out the expression differences of mitochondrial related genes in more SB 653 and anadromous charr morphs (representing more ancestral charr). The genetic signals 654 should also be investigated by comparison of more populations and/or along ecological 655 clines (e.g. temperature) or with respect to life history, similar to the work of Teacher et 656 al. (2012, [118] ). 
662
The data also demonstrate differential expression between morphs in two immunological 663 genes, possibly preparing embryos for distinct habitats, and of craniofacial 664 developmental genes that may sculpture benthic vs. limnetic head morphology. The 665 genetic data suggest (among other things) differentiation in the mtDNA and its 666 functions, but larger scale and more detailed studies are needed to evaluate this and 667 other hypotheses. Our interest is in the products of natural selection, as expression 668 differences between groups may reflect genetic changes, e.g. in regulatory sequences or 669 post transcriptional modifiers, but they could also reflect drift or reverberations in 670 developmental cascades [119] . This project focused mainly on the unique small benthic 671 charr, typically found in cold springs and small pond habitats in Iceland, particularly 672 those with lava substratum [40, 56] . The availability of charr populations at different 673 stages of divergence sets the stage for investigations of the roles and interactions of 674 genes, environment and plasticity for evolution. Table   705 qPCR primers 706 S2 Table   707 Mapping of Illumina reads to S.salar EST data. Number of reads aligning to 708 salmon reference for each sample 709 S3 Table   710 ANOVA results Nine genes were tested for differential expression between whole 711 Small Benthic and Aquaculture charr embryos, at two developmental timepoints (161 712 and 200 τ s).
713
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719
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